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論文内容要約 
Although manufacturing technologies are well developed for materials like metals and their alloys, considerable problems 
such as long machining cycle and high production cost still exist in the fabrication of hard and brittle materials. Particular 
difficulties are the production of non-rotationally symmetrical three-dimensional (3D) micro/nano structures with high 
machining efficiency, high aspect ratios, and good surfaces possessing no residual stress and microcracks. Hence, there is a 
crucial need for developing precision and efficient micromachining techniques for these difficult-to-machine materials. 
Nontraditional machining techniques such as electric discharge machining and laser beam machining have been proposed to 
machine hard and brittle materials. However, even these processes have prominent limitations that the machined surfaces are 
always subjected to heat-induced damages like recast layer and thermal stress. Ultrasonic machining (USM) is another 
alternative method for manufacturing both conductive and non-conductive hard and brittle materials. It is known as a total 
mechanical process without suffering from heat or chemical effects, so USM would not thermally damage the machining 
objects or appear to cause significant levels of residual stress and chemical alterations. This makes stable and precise 
micromachining on hard and brittle materials possible.  
However, there is a significant lack of understanding in the material removal mechanism of USM up to now. According to 
the previous studies, it is widely believed that the hard and brittle materials are eventually removed via random-shaped 
micro-chips due to the transformation from various forms of microcracks. Therefore, the microcrack generation becomes the 
key point for understanding the USM process. Hence, in this dissertation, the crack formation and propagation were 
investigated to clarify the material removal mechanism, which is extremely significant for improving the machining 
performance. In addition, laser irradiation was proposed to repair the microcracks remaining on the machined surfaces after 
USM for keeping the material strength. 
This thesis consists of 7 chapters. 
Chapter 1 gives an overview of the background of USM process. The potentiality of USM in micromachining of various 
hard and brittle materials was pointed out. The problems and challenges of this process were introduced. And finally the 
objectives of this thesis were stated, which are to demonstrate the crack generation process and figure out the material removal 
mechanism in USM, to clarify the relation between the material removal and machining conditions such as abrasive particle 
types and tool materials, to provide recipes in improving machining efficiency and precision, to give ways in reducing wear of 
abrasives and tool wear, to repair the potential subsurface cracks remaining on the machined surfaces and finally obtain a high 
quality surface.  
In Chapter 2, the basic machining characteristics of USM were investigated through blind hole drilling experiments on three 
typical hard and brittle materials including silicon carbide (SiC), alumina (Al2O3), and glass. The material removal rate, 
machining force, form accuracy, surface roughness, surface damage, tool wear when fabricating the three kinds of materials 
were compared. To obtain the optimum machining performance, the tool feed rate should be set appropriately in micro-USM 
since a low rate will not yield an expected machining rate while an excessive rate will cause a jamming between the tool and 
the workpiece. The experimental results also show that the machinability of micro-USM for hard and brittle materials is good, 
except that microcracks are generated and left on machined surfaces. The cracks are considered to be formed during the 
machining process, and have a close relation to the material removal mechanism in USM.  
In Chapter 3, smoothed particle hydrodynamics (SPH) method was proposed to simulate the material removal process in 
micro-USM. Problems like how the cracks form and how much the cracks propagate were discussed through the simulation 
model. The behavior of a single abrasive particle was investigated. The initiation and extension of the cracks were successfully 
simulated via the SPH model and discussed in detail. Then, the SPH model was verified by a specifically designed experiment. 
Cracks generated by a single particle impact were observed. Both simulation and experimental results show that median and 
lateral cracks were generated during USM process. Based on the simulation results, median cracks generated during loading 
process and propagated inside the workpiece, while lateral cracks initiated near the work surface during unloading and 
extended nearly parallel to the surface. The latter one is considered to be helpful in material removal. A comparison between 
the experimental results introduced in Chapter 2 and the simulation results were also conducted. The crack propagation was 
severest for glass based on the simulation results, which explained the experimental result that more and larger cracks remained 
in glass after USM. The good agreement demonstrates that the SPH model offers insights to the complex crack formation 
process in micro-USM, which is very important for understanding the material removal mechanism. According to the various 
crack patterns resulted from the use of different work materials, the machining conditions are expected to have a large effect on 
the crack initiation and propagation in micro-USM, and consequently influence the material removal. 
In Chapter 4, both SPH simulations and experimental verifications were carried out to investigate the effects of the abrasive 
type including its material and the shape on micro-USM. Two main shapes: cubical and spherical shapes filled by SiC and 
Al2O3 materials were incorporated in the simulation models. Firstly, SPH models for studying the impact of a single abrasive 
particle were developed. The crack propagation with different abrasives was investigated. In addition, the wear of the different 
types of abrasive particles during the impact cycle was also studied. Secondly, the crack formation on the work surface 
impacted by two abrasive particles was studied because the interaction of abrasives occurs in the real USM process. Although 
the crack growth is affected by the adjacent abrasive particle based on the simulation results of two particles, the cracks are 
comparable in size and distribution with the ones developed by single impact. A single particle model was considered sufficient 
to study the size of cracks remaining on the workpiece after micro-USM. Then, the SPH models were verified by micro-USM 
experiments. Both of the simulation and experimental results show that the material removal efficiency of micro-USM can be 
improved by using harder abrasive particles possessing spherical shapes, and the resistance to abrasion for these abrasive 
particles was higher. However, the surface quality was inverse, large cracks were found to be remaining on the machined 
surfaces when using hard and spherical particles. Thus, the material removal efficiency can be maximized with a compromise 
in surface quality. By choosing an appropriate machining condition, this compromise is expected to be minimized, and the best 
machining result was obtained with spherical Al2O3 abrasive particles in this chapter. Based on the simulation and 
experimental results, the material removal in micro-USM is mainly determined by the crack generation of workpieces and the 
wear of abrasive particles. The former one leads to chip removal of materials and directly affects the material removal 
efficiency. The latter one has a close relation to the former one and indirectly influences the material removal efficiency.  
In Chapter 5, the tool wear in micro-USM was discussed. As an important factor in USM technology, the tool wear largely 
affects the material removal process as well as abrasive and workpiece materials. The influences of different abrasive particles 
and tool materials on tool wear were investigated by both SPH simulations and USM experiments. The results in Chapter 4 
were used to investigate the influence of abrasive particles on tool wear at first. Based on the investigations, using hard and 
spherical abrasive particles is considered helpful in improving the material removal efficiency and reducing the tool wear 
simultaneously. After that, new SPH calculations for different tool materials of 304 stainless steel, 1045 carbon steel, and WC 
were conducted. The influences of tool materials on machining efficiency, surface precision, and tool wear were studied. Steels 
with a high flexibility such as 304 stainless steel are good choices as tool materials in micro-USM. Slight deformation can 
occur due to the penetration of micro abrasive particles, in turn, fractures of both the abrasive particle and the workpiece can be 
slowed down. The moderation of particle fracture is helpful to maintain the machining gap and ensure further extension of 
cracks in the workpiece. Therefore, high material removal rate can be obtained. The hardness and indentation modulus of 
cutting surfaces of different tools were compared before and after machining. Work hardening was confirmed to occur in 304 
stainless steel, which was considered helpful in suppressing the tool wear during USM. While the cutting surface quality of 
1045 steel and WC tool was deteriorated by repeated impacts of abrasive particles, which decreases their resistances to further 
wear. These findings are useful in tool material selection for improving the material removal efficiency and surface integrity in 
micro-USM. 
In Chapter 6, a new method to repair the surface/subsurface cracks by laser irradiation was proposed. As the closure of 
cracks is possible only by heating the material up to high temperatures to get a small viscosity, while further damages can be 
generated if the irradiation intensity power is too high, a thermal analysis of temperature increase resulted from laser heating 
was conducted first. After that, to examine the variation of glass after laser heating, raw glass surfaces were irradiated by CO2 
laser with different scanning speeds. It was confirmed that protrusions and fractures due to thermal expansion were generated 
on the irradiated surfaces when the scanning speeds were too low, and the appropriate scanning speed was confirmed to be 
among 200 ~ 500 mm/min. Then, USM machined surfaces with cracks less than 1 μm were irradiated. The cracks can be 
completely healed after CO2 laser irradiation with a power of 5 W and a scanning speed of 300 mm/min. Correspondingly, a 
smooth surface with no subsurface cracks was generated successfully. In addition, periodic structures were found on the 
surfaces after irradiating with a power of 5 W and a scanning speed of 500 mm/min. These structures are considered to be a 
result of the combined influences of micro-USM and laser irradiation. The combination of micro-USM and laser irradiation is 
capable to fabricate various micro-shapes and structures on hard and brittle materials with high efficiency and high precision. 
Finally, Chapter 7 presents the general conclusions of this research. 
In this research, SPH simulations were proposed to simulate the crack generation during micro-USM, which is extremely 
useful for understanding the material removal mechanism and predicting the machining results of USM. Influences of different 
abrasive particles and tool materials on the material removal were discussed for improving the machining efficiency and 
surface quality. In this study, the best machining result was obtained with spherical Al2O3 abrasive particles and 304 stainless 
steel tool, the feed rate can be up to 40 μm/s and the cracks are less than 5 μm and 4 μm in depth for bottom and wall surfaces. 
Using abrasive particles possessing spherical shapes and tools with high flexibility and work hardening tendency is helpful to 
improve the machining performance. Finally, laser irradiation was proposed to repair the surface/subsurface cracks after USM. 
By combining micro-USM and laser irradiation, various micro-shapes and structures can be efficiently fabricated on hard and 
brittle materials with high surface quality. 
 
